The intrinsic stress of carbon thin films deposited by filtered cathodic arc was investigated as a function of ion energy and Ar background gas pressure. The microstructure of the films was analyzed using transmission electron microscopy, electron energy loss spectroscopy, and Raman spectroscopy. The stress at given substrate bias was reduced by the presence of an Ar background gas and by the presence of a Cu underlayer deposited onto the substrate prior to deposition. Auger electron spectroscopy depth profiles showed no evidence of Ar incorporation into the films. A sharp transition from a sp 2 to sp 3 rich phase was found to occur at a stress of 6.5Ϯ 1.5 GPa, independent of the deposition conditions. The structural transition at this value of stress is consistent with available data taken from the literature and also with the expected value of biaxial stress at the phase boundary between graphite and diamond at room temperature. The microstructure of films with stress in the transition region near 6.5 GPa was consistent with a mixture of sp 2 and sp 3 rich structures.
I. INTRODUCTION
Amorphous carbon ͑a-C͒ thin films deposited using energetic condensation methods exhibit a wide variety of properties depending on the fabrication conditions. [1] [2] [3] [4] At low energies ͑10 eV or less͒, films that have a majority of atoms in graphitelike ͑sp 2 ͒ bonding configurations are produced. With increasing energy, the material enters a new structural form ͓known as tetrahedral a-C or ta-C ͑Ref. 5͔͒ with a majority of atoms in the diamondlike ͑sp 3 ͒ configuration. Films formed with energies higher than a few hundred eV have a low sp 3 fraction. In a recent paper, 6 we presented experimental evidence for a sharp boundary between the two distinct forms of amorphous carbon, the sp 3 rich phase and the sp 2 rich phase, when stress is used as the independent variable. The role of stress in the formation of ta-C has been debated in the literature, with some authors preferring a model in which the local processes occurring in the vicinity of an ion impact create conditions that locally form the high density tetrahedral phase. 7, 8 Other authors prefer a model in which the tetrahedral phase is created because it is a stable phase under the prevailing high stress conditions created by the ion impacts 5, 9 While it is difficult to make predictions from the two models that can distinguish between them, the existence of a sharp stress transition does not arise naturally from the first model. 8 The existence of a sharp transition between the two phases in the a-C system suggests that the forms with intermediate sp 3 content are not stable. It is possible, however, to synthesize films that apparently have intermediate sp 3 fractions. Examination of the microstructure will help understand how the phase transition occurs in an amorphous system. In a crystalline system, a phase transition usually occurs by progression of a phase boundary between two distinct crystalline forms. The question arises as to whether intermediate a-C structures exist in the amorphous state or whether the material in the transition region consists of a mixture of two distinct amorphous structures.
By synthesizing films under a range of different conditions, the uniqueness of the value of the transition stress has been tested. We employed Ar background pressure to modify the ion energy distribution in a filtered cathodic vacuum arc ͑FCVA͒ deposition system. Although the FCVA is capable of operating in a vacuum, an inert background gas such as Ar is often used to stabilize the plasma. 10, 11 However, the effect of background gas on the stress and microstructure of carbon films has only been investigated with fixed average ion energy. 11 This study includes experiments performed with a range of average ion energies between 9 and 820 eV. In addition, a Cu underlayer between the substrate and film was added with the intention of modifying the stress incorporated in the film under the impacts of a given ion energy. Electron diffraction, electron energy loss spectroscopy ͑EELS͒, and Raman spectroscopy are used to provide details on the microstructure of the films. Auger electron spectroscopy ͑AES͒ is used to determine whether any Ar is trapped in the films. We compare our results with available experimental data that relate the observed stress in a-C films to their sp 3 content.
II. EXPERIMENTAL METHODS
Carbon thin films were deposited onto silicon wafers using a dual bend filtered cathodic arc deposition system operating with a 99.9% pure graphite target, an arc current of 56 A, and a base pressure of better than 10 −5 Torr. Three different flow rates of Ar were used with the deposition parameters provided in Table I . Silicon ͑100͒ substrates were cleaned prior to deposition in an ultrasonic bath, with acetone, ethanol, and distilled water before being air dried. The substrate holder was connected to a regulated dc power supply, allowing films to be deposited over a range of bias voltages from Ϫ25 to Ϫ1000 V. The average energy of the depositing species was calculated from the applied substrate bias by adding the plasma potential measured using a Langmuir probe for each of the Ar flow rates of Table I . The stress was determined from substrate curvature using Stoney's equation 12 and the film thickness was determined by step height measurements obtained using a Tencor P-16 profilometer. To obtain accurate stress values, two curvature measurements were performed in orthogonal directions on each substrate both before and after deposition. The thickness of the deposited films ranged from 10 to 85 nm. Films were also prepared on Cu underlayers of approximate thickness of 2 nm, which were sputter deposited onto the substrates prior to deposition.
The microstructure of the films was investigated using a JEOL 2010 transmission electron microscope ͑TEM͒ operating at 200 kV. Plan view samples were prepared by acid ͑48% concentrated HF͒ etching of the silicon wafers. A selection of samples was also prepared in cross section by a combination of mechanical tripod polishing and Ar ion beam thinning. EELS analysis was performed using a Gatan Imaging Filter ͑GIF2000͒. An EELS spectrum was collected in the low loss region in order to determine the plasmon peak position. The peak position was then used to calculate the film density assuming carbon has four valence electrons, each with an effective mass of 0.87m e , taking part in plasmon oscillations. 13, 14 EELS spectra were also collected in the region of the carbon K-shell ionization edge so that the fraction of sp 2 bonded carbon atoms could be estimated. 15 Energy filtered electron diffraction patterns were collected using the GIF2000 with procedures outlined elsewhere. 16 A VG310F scanning auger nanoprobe was utilized to measure the Ar content of the films by performing elemental depth profiles in which Xe was used as the sputtering gas.
The micro-Raman scattering measurements were carried out at room temperature in the backscattering geometry using RENISHAW 1000 micro-Raman system equipped with a charge coupled device camera and a Leica microscope. A grating with 1800 lines/mm was used for all measurements, providing a spectral resolution of ϳ1 cm −1 . An Ar + laser at 457 nm with power of 10 mV was used as the excitation source. The Raman spectra were taken in two modes: the extended mode with 30 s exposure time and 5 accumulations in the range of 400 to 4000 cm −1 and the static mode with 10 accumulations and 30 s registration time in the range of 810 to 1950 cm −1 . The laser spot was focused on the sample surface using a 50ϫ objective. Figure 1 shows the effect of increasing Ar flow rates on the intrinsic stress of carbon films deposited at a range of ion energies. Figure 1͑a͒ shows that films prepared in the absence of Ar have the typical stress versus ion energy curve previously described for FCVA deposited films. 5, 17 The peak in the stress curve at 12.5 GPa was found to occur at an average ion energy of 95 eV. The effect of a Cu underlayer is to reduce the stress induced in the film by ions with energies up to approximately 200 eV. Adding 7 ml/min of Ar ͓results shown in Fig. 1͑b͔͒ extends the stress peak to lower energies and reduces the maximum stress to approximately 10 GPa. Introducing Ar at this flow rate during a deposition with average ion energy of 95 eV also halved the deposition rate TABLE I. The operating parameters of the cathodic arc deposition system used to produce the three sets of samples. E 0 is the plasma potential measured using a Langmuir probe. ͑see Table I͒ . There is no net film growth at energies above 600 eV. Increasing the Ar flow rate to 15 ml/min reduces the peak stress to approximately 6 GPa, which further reduces the deposition rate and prevents film growth for energies above 200 eV. The reduction in deposition rate may be the result of increased collisions between the background Ar and the incoming C ions and increased sputtering by Ar ions. Figure 2 shows AES depth profiles that confirm no Ar was incorporated into the films at either 7 or 15 ml/min flow rate. Ar was detected at the film/substrate interface ͑indicated by an arrow͒, possibly as a result of ion implantation during the initial stages of film growth. Figure 3 shows a cross sectional TEM image of a film prepared using an average ion energy of 60 eV, with 15 ml/min of Ar background gas and with a 2 nm thick Cu underlayer. There is no evidence of voids or bubbles that could be associated with Ar incorporation into the films. Note that the silicon substrate has an approximately 6 nm thick surface oxide.
III. RESULTS

A. Intrinsic stress
B. Compositional depth profiles
C. Cross sectional TEM
D. Density and sp
2 fraction Figure 4͑a͒ shows the relationship between stress and density calculated from the plasmon peak position for samples prepared with and without a Cu underlayer using a range of Ar flow rates. A point is included for an a-C film of low stress prepared using sputtering. All the films fall on the same curve with a transition from a low to a high density phase occurring at a stress of 6.5Ϯ 1.5 GPa. We term this region of stress the "transition region." For the same samples, the relation between density and sp 2 fraction is given in Fig. 4͑b͒ and shows a linear relation. Figure 5 shows radially averaged energy filtered diffraction patterns for selected carbon films. Also shown is the diffraction pattern for glassy carbon, which is a fully sp 2 bonded structure with well formed graphitic sheets. The diffraction pattern for the film prepared at low energy and at a relatively low stress of approximately 5 GPa shows diffuse rings typical of a sp 2 rich amorphous network. This diffraction pattern also shows strong scattering at small angles indicative of the presence of mesoscale inhomogeneities. The film prepared using 84 eV at a stress of 6.9 GPa develops a graphitic ͕002͖ peak as a shoulder. This film is in the transition region and shows features characteristic of both partially ordered graphite and an amorphous carbon. Films in the transition region prepared at energies above 300 eV ͑as shown in 5 for the case of 6.6 GPa and 420 eV͒ show a well formed ͕002͖ peak indicative of well ordered graphitic planes. As described elsewhere, 6 films prepared under these conditions develop preferred orientation and contain graphitic planes aligned normal to the sample surface. The diffraction pattern for the film grown with a high stress of 9.7 GPa shown in Fig. 5 is typical of ta-C ͑Ref. 18͒ and exhibits very low intensity near the undiffracted beam, indicating a dense homogeneous network.
E. Energy filtered electron diffraction
F. Raman spectroscopy
Raman spectra were obtained for a-C films prepared at a range of stress values and several examples are shown in Fig.  6 . The following Raman features were observed: a-Si band at about 960 cm −1 due to the second order phonon scattering from the silicon substrate, a carbon D ͑disorder͒ band around at 1400 cm −1 , and a carbon G ͑graphitic͒ band at about 1580 cm −1 . The G-and D-peaks are due to sp 2 sites only.
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The G-peak is due to the bond stretching of all pairs of sp 2 atoms in both rings and chains and the D-peak is due to the breathing modes of sp 2 rings. 19 The intensity of the second order Si peak depends on the thickness of the film and its absorption coefficient at the corresponding wavelength.
The spectra were fitted with two carbon peaks using mixtures of Gaussian and Lorentzian functions. 20, 21 As can be seen from Fig. 6 the experimental spectra are fitted very well using this approach. Figure 7͑a͒ shows the G and D integrated intensity ratio I D / I G as a function of the sp 2 content in the a-C films. I D / I G increases with increased sp 2 content. This indicates that sp 2 sites are beginning to organize into small graphitic clusters. 22 Figure 7͑b͒ shows the Raman shift of the G-peak as a function of sp 2 content. The G-peak position decreases nonlinearly with increasing sp 2 content and asymptotes toward 1575 cm −1 as the sp 2 fraction increases. This decrease in G-peak position as the sp 2 fraction increases has been observed previously 23 and was attributed to a change in the arrangement of sp 2 sites from small chains or dimers to rings. Figure 7͑c͒ shows that there is a linear relationship between the G-peak full width at half maximum ͑FWHM͒ and sp 2 content. This result is consistent with increasing graphitic ordering within the films at higher sp 2 contents, resulting in a narrowing of the G-peak. Figure 8͑a͒ shows the G-peak position as a function of stress. A linear relationship is observed for stresses above 4 GPa. As the stress increases, the G-peak shifts to higher wave numbers. This is expected on the basis of an increase in lattice vibration frequencies when the amorphous network is compressed. 24 The relationship between stress and G-peak FWHM is shown in Fig. 8͑b͒ . A transition is observed at ϳ6.5 GPa between high sp 2 content films and low sp 2 content films. This observation confirms that a microstructural transition occurs at this value of stress, as was evident from the density measurements in Fig. 4͑a͒ .
IV. DISCUSSION
In the absence of Ar, the intrinsic stress of the carbon films increases with ion energy up to a maximum of ϳ12 GPa at 95 eV before decreasing at higher energies. This behavior has been observed previously 5, 17 and has been interpreted as a competition between stress generation ͑when ions impact with energies 10-100 eV͒ and stress relief processes ͑when ions impact at ion energies Ͼ100 eV͒. 25, 26 Measurements of the energy distribution of C ions ejected from a cathodic arc source operating in a vacuum show a relatively narrow distribution around the mean energy. 27 When Ar is introduced as a background gas, two main effects occur. The first is an asymmetric broadening to lower energies of the energy distribution of the incident C ions as a result of collisions with Ar. As a result, fewer ions have the optimal energy for stress generation and the stress maximum at 95 eV is lowered to approximately 10 GPa in the case of 7 ml/min of Ar flow rate. These results are consistent with previous findings, 11 in which a lowering of stress was observed in the presence of Ar for samples prepared at earth potential.
The second effect of introducing Ar into the deposition process is bombardment of the substrate by Ar ions. At lower energies, these ions can generate compressive stress, a process that is exploited in ion assisted deposition. 28 The result is increased stress in films grown with biases below 75 V. As the bias is increased, the sputter yield increases and no net film growth occurs. For the higher Ar flow rate of 15 ml/min, the mean free path is very short so that the average C ion energy is low. In this case, the stress generation mechanism is likely to be dominated by Ar bombardment. The higher mass of the Ar ions relative to C ions results in a stress maximum at a lower bias value.
The Raman analysis confirms results from the TEM studies, which show a sharp transition from a low density a-C to a high density ta-C structural phase at a stress of approximately 6.5 GPa. The value of the transition stress is not affected by Ar flow rate or the presence or absence of a Cu underlayer. This proves that the transition is induced at a fixed value of stress and not by the conditions that gives rise to the stress. Within the transition region, diffraction analysis shows evidence for a material that contains more than one type of microstructure. Referring to the sample prepared at 84 eV ͑Fig. 5͒ in the transition region, the peak at k = 1.77 Å −1 indicates the presence of material with sp 2 bonding and the peak at k = 2.8 Å −1 in the same diffraction pattern indicates the presence of ta-C. An almost identical diffraction pattern has been observed previously in ion implanted ta-C in which the microstructure was found to be a mixture of ta-C and sp 2 -rich a-C clusters created by ion beam damage. 18 It is conceivable that this type of microstructure may be present in the films in the transition region of this study. Films prepared within the transition region at high energies ͑see the sample prepared at 420 eV in Fig. 4͒ also show evidence of more than one type of microstructure. However, in this case, the sp 2 rich phase contains oriented graphene sheets, as described previously, 6 which result in a sharp ͕002͖ graphitic reflection. Figure 9 shows the sp 3 fraction ͑measured using EELS͒ as a function of stress for our films compared with values obtained for pure carbon taken from the literature. We only considered films that have been synthesized at room temperature without intentional doping since the presence of dopant atoms 29, 30 is known to influence bonding and hence is likely to modify the transition stress. The scatter in the data at high sp 3 content is due to difficulty in measuring the decreasing levels of -bonding using EELS. 31 The majority of the data are consistent with the proposition that there is a transition region between 5 and 8 GPa ͑shown as a shaded band͒ separating low and high density forms of a-C. The outlying points ͑circled in Fig. 9͒ at low stress and high sp 3 content may be the result of substrate heating during deposition, giving rise to a reduction in stress by annealing. 32 The value of 6.5 GPa is close to the biaxial stress expected to mark the boundary between graphite and diamond at room temperature, which has been calculated to be 4.5 GPa.
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V. CONCLUSION
We have shown that the introduction of Ar as a background gas during deposition of a-C films reduces the intrinsic stress at a given substrate bias. The presence of a Cu underlayer also reduced stress. The added Ar reduced the kinetic energy of incident carbon ions by ion-atom collisions and increased sputtering. A sharp transition between sp 2 -rich and sp 3 -rich forms of a-C was observed at a stress of 6.5 GPa, independent of the deposition conditions. This observation provides strong evidence that stress is the driving force behind the formation of the sp 3 -rich ta-C phase. A compilation of available data from the literature supports the proposition of a stress induced transition at 6.5 GPa. Diffraction analysis of the microstructure of films with stresses in the transition region is consistent with the presence of two phases rather than a single homogeneous phase with an intermediate sp 3 fraction. The sp 3 fraction ͑measured by EELS͒ as a function of stress for of a-C films prepared at room temperature and measured by different groups ͑Refs. 5 and 33-37͒. The majority of points show the differentiation between the phases of low and high sp 3 fraction, separated by a transition region at 6.5Ϯ 1.5 GPa shown as the shaded band. The outlying points ͑circled͒ at low stress and high sp 3 content may be the result of substrate heating during deposition, which reduces stress by annealing. The vertical dotted line indicates the biaxial stress expected to mark the boundary between graphite and diamond at room temperature ͑Ref. 5͒.
